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Abstract 

This report cover. the recond phase of a four phase program 
1 

t o  develop a cold cathode ion source mated t o  8 quadrupole masr 

spectrometer. 

gas analyzer. The cold cathode (magnetron) ion source vas choren 

because of lower background noise and higher reneit ivit ies than 

the usual hot-filament types. Thio report dercriber the der- 

of the ion source and the mars spectrometer md gin. detal l r  of 

the coartruction a d  experircntr w i t h  the Lon oource. 

The completed unit is t o  be ured a r  a residual 

e 
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OBJECTIVE 
~ 

The e b j e c t i v e  of t h i s  program has been to develop and test 

an improved c o l d  cathode i o n  source for u s e  w i t h  8 quadrupole 

m a s s  ana lyzer .  The primary aim has been t o  increase  the  s e n s i -  

t i v i t y  of the  source  c o n s i s t e n t  w i t h  the  requirements of a 

p r a c t i c a l  a n a l y z e r , s f  which 8 preliminary des ign  has been made. 

- i v  - 



INTRODUCTEQN 

T h i s  program has been m d e r t a k e n  t o  f i l l  t h e  need f o r  a m a s s  

spec t romete r  f o r  measuring p a r t i a l  p r e s s u r e s  i n  the u l t r a h i g h  

vacuum (UHV) and extreme h igh  vacuum (XHV) r e g i o n s .  Two funda- 

menta l  problems have l i m i t e d  t h i s  c a p a b i l i t y  i n  t h e  p a s t ,  bo th  

l y i n g  w i t h  t h e  i o n  source p o r t i o 2  of t h e  spec t romete r .  One is in-  

s u f f i c i e n t  smrce s e n s i t i v i t y .  The o t h e r  p e r t a i n s  t o  s o u r c e  

c l e a n l i n e s s .  

Mass spec t romete r s  commonly u s e  a n  i o n  s o u r c e  w i t h  a ho t  

f i l a m e n t ,  the l a t t e r  supp ly ing  e l e c t r o n s  i n  abundance f o r  molecular  

i o n i z a t i o n .  While t h i s  t ype  of device  has much t o  recommend i t  

the  above s t a t e d  problems s e v e r e l y  res t r ic t  i t s  u s e f u l n e s s  i n  

u l t r a h i g h  vacuum. A primary d i f f i c u l t y  is t h a t  t h e  heat gene ra t ed  

c a u s e s  both  decomposi t ion of gases and t h e i r  e v o l u t i o n  f r o m  t h e  

s o u r c e  i t s e l f ,  t h u s  c a u s i n g  confus ion  i n  both  the type  and amount 

of gases t o  be measured. Cold cathode i o n  gauges of t h e  magnetron 

on t h e  o t h e r  hand have s h a r p l y  r e d w e d  t h i s  d i f f i c u l t y  

w h i l e  producing t h e  h i g h e s t  s e n s i t i v i t i e s  t h u s  f a r  a t t a i n e d ;  t h e  

s e n s i t i v i t y  of these d e v i c e s  r e s u l t s  from immensely i n c r e a s e d  

e l e c t r o n  p a t h  l e n g t h s ,  e f f e c t e d  by c r o s s e d  e lectr ic  and magnetic 

f i e l d s .  T h i s  researck program h a s  been directed toward adap t ing  a 

c o l d  ca thode  magnetron type  d i scha rge  f o r  u se  w i t h  a m a s s  ana lyze r .  

(3 1 The f i r s t  phase of t h i s  program (Cont rac t  NAS1-2691, Task 2 )  

demonst ra ted  t h e  f e a s i b i l i t y  of t h i s  approach by c o n s t r u c t i n g  and 

- 1 -  



t e s t i n g  a c o l d  ca thode  i o n  sou rce .  I n  e s s e n c e ,  t h e  sou rce  c o n s i s t e d  

of a magnetron c o n f i g u r a t i o n  modified t o  allow e x t r a c t i o n  of t h e  

i o n s  from t h e  d i s c h a r g e .  The ions  are t h u s  a c c e s s i b l e  f o r  a n a l y s i s  

w i t h  a mass spectrometer. S t u d i e s  r e v e a l e d ,  among other  s a l i e n t  

c h a r a c t e r i s t i c s ,  a n  ion beam s e n s i t i v i t y  of 5 ma/torr a f t e r  p a s s i n g  

through an  a p e r t u r e  3.0 mm i n  d iameter .  T h i s  is 500 t i m e s  t h e  

s e n s i t i v i t y  of conven t iona l  h o t  f i l a m e n t  mass spec t romete r  i o n  

s o u r c e s .  A companion s t u d y  showed t h a t  a quadrupole  mass s p e c t r o -  

meter was bes t  s u i t e d  t o  t h e  energy and dimensions of t h i s  beam 

and t e n t a t i v e  des ign  parameters  were s p e c i f i e d ,  

The preser, t  phase of t h e  program has been d i r e c t e d  toward 

developing  and t e s t i n g  a n  improved source  des ign .  I n  p a r t i c u l a r ,  

methods a re  i n v e s t i g a t e d  f o r  improving beam i n t e n s i t y  compat ib le  

w i t h  t h e  energy and dimensional  requi rements  of a quadrupole  mass 

a n a l y z e r .  A quadrupole  d e s i g n  c h a r t  has  been composed t o  a i d  i n  

o p t i m a l l y  matching s o u r c e  and quadrupole c h a r a c t e r i s t i c s .  

The new s o u r c e  has been designed t o  i n c l u d e  some improvements 

w h i l e  d e f e r r i n g  o t h e r s  t o  a l low v e r s a t i l i t y  i n  de te rmining  optimum 

electronic  parameter  v a l u e s ,  optimum p o s i t i o n i n g  between s o u r c e  

and  quadrupole  and t o  a l low testing the e f f e c t i v e n e s s  of an  electro- 

s t a t i c  l e n s .  Source and experiments  w e r e  des igned  f o r  s t u d y  of 

s o u r c e  r e sponse  t o  v a r i a t i o n s  i n  p re s su re  and gas composi t ion sub- 

s e q u e n t  t o  o p t i m i z a t i o n  s t u d i e s .  

- 2 -  



I ION SOURCE DESIGN 

A. O v e r a l l  E lec t r i ca l  and Mechanical Design 

F igu re  1 and F i g u r e  2 i l l u s t r a t e ,  r e s p e c t i v e l y ,  t h e  e lectr ical  

schemat ic  of t h e  s o u r c e  and t h e  more d e t a i l e d  mechanical l a y o u t ,  

drawn approximate ly  t o  s c a l e .  F igure  3 is a photograph of t h e  in- 

t e r n a l  components mounted on the f l a n g e .  

Three  s e c t i o n s  are shown as fo l lows :  

1. The magnetron p o r t i o n  or  s o u r c e  proper .  T h i s  c o n s i s t s  

of a pusher  ca thode  (K1)q an e x t r a c t o r  ca thode  (K2), a n  anode (A), 

two a u x i l i a r y  ca thodes  and a s t a c k  of f i v e  ( 5 )  c y l i n d r i c a l  magnets.  

2 .  An e l e c t r o s t a t i c  l e n s .  This c o n s i s t s  of t h r e e  a p e r t u r e  

p l a t e s  L1, L2 and L3. 

3. A probe.  This c o n s i s t s  of a s i m u l a t e d  quadrupole  

a p e r t u r e  p l a t e  (Q) and a Faraday cup o r  i o n  c o l l e c t o r  (C). It is  

used  for  s t u d y i n g  i o n  beam c h a r a c t e r i s t i c s  and can  be made t o  

s i m u l a t e  t h e  d imens iona l  and energy r e s t r i c t i o n s  of a quadrupole  

mass a n a l y z e r .  

The soarce kas  been designed so t h a t  bo th  probe and l e n s  are 

moveable w i t h  r e s p e c t  t o  the magnetron and each o t h e r  and so t h a t  

exper iments  may be conducted w i t h  t he  l e n s  e i ther  i n  o r  o u t  of t h e  

s y s t e m .  E l e c t r o n i c  access h a s  been provided  t o  allow moni tor ing  

c u r r e n t s  and/or  app ly ing  p o t e n t i a l s  t o  K19 A, Lz, Q and C. 

Each of t h e  three s e c t i o n s  a r e  suppor t ed  on a s tee l  mounting 

c y l i n d e r  e i t h e r  by d i r e c t  s p o t  welding o r  v i a  i n s u l a t e d  s p a c e r s  

( s a p p h i r e  b a l l s  a r e  used for  L2 and t h e  anode ,  kovar - to-g lass  s t u d s  

- 3 -  
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F I G .  3 VIEW OF INTERNAL COMPONENTS OF COLD CATHODE 
ION SOURCE. FROM TOP TO BOTTOM: 

MAGNETRON, LENS AND PROBE 
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f o r  t h e  remaining e l e m e n t s ) .  The mounting c y l i n d e r s  a r e  suppor t ed  

I on three steel  r o d s  which are welded t o  a f l a n g e .  E l e c t r i c a l l y ,  

t h i s  d e s i g n  p rov ides  a guard- r ing  arrangement for  a l l  e lements  n o t  

o p e r a t i n g  a t  ground p o t e n t i a l .  Mechanical ly ,  t h e  des ign  permits  

a l ignment  and i n s p e c t i o n  of components when t h e  f l a n g e  is removed 

from t h e  hous ing .  

P o s i t i o n i n g  is accomplished by s l i d i n g  t h e  l e n s  and/or probe 
I 

a long  t h e  three s u p p o r t i n g  r o d s .  'The probe is a d j u s t a b l e  w i t h  a 

p o s i t i o n i n g  r o d 9  w k i c h  p a s s e s  through a "SwagelokP' connec to r ,  

w i t h o u t  opening t t e  f l a n g e .  The l e n s  assembly is moved forward by 

pushing  with t h e  probe.  (The f l a n g e  must be removed t o  move t h e  

l e n s  backward). Measurements on t h e  p o s i t i o n i n g  rod o u t s i d e  t h e  

s o u r c e  e n a b l e s  d e t e r m i n a t i o n  of d i s t a n c e s  between t h e  l e n s ,  

magnetron and probe.  

I The 'vSwagelokY' connec tor  was designed f o r  u s e  durin.g sou rce  

I s e n s i t i v i t y  stlidies on ly  (both  w i t h  and wi thou t  t h e  l e n s )  a t  
I 

I . ,-washers a r e  not  bakeable  a t  h i g h  tempera tures  it is e s s e n t i a l  t h a t  

I 

p r e s s u r e s  i n  t h e  lom8 torr range .  S ince  t h e  '?Swagelokesv* t e f l o n  
I 

I 

I t h e y  be removed f o r  s t u d i e s  a t  lower p r e s s u r e s .  (The p l a n  

~ I o r i g i n a l l y  called f o r  replacement  c?f t h e  e n t i r e  connec to r  w i t h  a 

I ceramic feedthrough welded i n t o  t h e  f l a n g e  subsequent  t o  t h e  
I s e n s i t i v i t y  s t u d i e s .  Fur r e a s o n s  d i scussed  i n  S e c t i o n  I I I C ,  t h i s  

p l a n  was n o t  fo l lowed.  I t  shou ld  a l so  be i n d i c a t e d  t h a t  t h e  "Swage- 

lok"  proved less b e n e f i c i a l  t h a n  expected due t o  its tendency t o  

b i n d .  

I 
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Feedthroughs a r e  made of high alumina ce ramic ,  430 s t a i n -  

less s t ee l  and a go ld  a l l o y  s e a l .  Ion  s o u r c e  e lements  a re  of 

N i c h r o m e - V ,  w h i l e  t h e  remaining elements  and housing a r e  of 303 

o r  304 s t a i n l e s s  s teel .  A l l  f l a n g e s  are s t a n d a r d  Varian "Con- 

f l a t "  f l a n g e s  u s i n g  a copper  gasket. The materials used e n a b l e  

t h e  e n t i r e  u n i t  (wi th  t e f l o n  washers removed) t o  be baked a t  

45OoC. Sea led  j o i n t s  a r e  h e l i - a r c  welded. These have been k e p t  

i n t e r n a l  w h e r e v e r  p o s s i b l e  t o  prevent  g a s  t r a p s .  

B. The Magnetron 

The magnetron p o r t i o n  of t h e  c o l d  cathode i o n  s o u r c e ,  i n  

both t h e  f e a s i b i l i t y  s t u d y  and i n  t h e  p r e s e n t  one ,  is a modifi-  

c a t i o n  of t h e  magnetron gauge desc r ibed  by Redhead ( l ) .  

r e a s o m  under ly ing  its choice over  o t h e r  t y p e s  of cold cathode d i s -  

c h a r g e s  can be found i n  t h e  f i n a l  r e p o r t  (3) of t h e  f e a s i b i l i t y  

s t u d y ,  t o g e t h e r  w i t h  a comprehensive b i b l i o g r a p h y  on t h e  s u b j e c t .  

A p p l i c a t i o n  of the  magnetron gauge as an  i o n  s o u r c e  f o r  s p e c t r o -  

metry purposes  r e q u i r e d  tha t  t he  normal magnetron c o n f i g u r a t i o n  be 

modi f ied  t o  a l low a n  extracted i o n  beam. T h i s  was accomplished by 

s e p a r a t i n g  t h e  s i n g l e ,  s p o o l  shaped ca thode  i n t o  two c a t h o d e s ,  one 

w i t h  a remnant s t u b  and one w i t h  a n  a p e r t u r e .  Modi f ica t ion  of t h e  

horseshoe  magnet o r d i n a r i l y  used was also necessa ry .  

The 

I n  t h e  p r e s e n t  sou rce  t h e  magnetic arrangement was f u r t h e r  

modi f ied .  Magnetic p o l e  p i e c e s  which were i n  f r o n t  of ca thode  ICz 

and behind ca thode  K have been removed (F igure  1). I n  a d d i t i o n ,  1 

- 8 -  



t h e  a r r a y  of horseshoe  Aln ico  magnets p r e v i o u s l y  used  have been 

r e p l a c e d  by a s tack of c y l i n d r i c a l  ceramic magnets. Among t h e  

b e n e f i t s  of t h i s  m o d i f i c a t i o n  are t h e  fo l lowing :  (1) E l i m i n a t i o n  

of p o l e  p i e c e s  r educes  s u r f a c e  a r e a  and g a s  t r a p s  t o  a l l o w  i m -  

proved UHV performance. (2) The quadrupole  can  be brought  closer 

t o  t h e  i o n  e x i t  a p e r t u r e  (5) 
e x t r a c t e d  ions - whether  a l e n s  is used o r  n o t .  (3) The 

c y l i n d r i c a l  magnets p rov ide  a f a r  more compact des ign  t h a n  those 

p r e v i o u s l y  used.  

f o r  more e f f i c i e n t  u t i l i z a t i o n  of 

1 P r o v i s i o n  has been made for monitor ing cathode c u r r e n t  a t  K 

(which i n d i c a t e s  t o t a l  p r e s s u r e )  and f o r  apply ing  a p o t e n t i a l  drop 

between K1 and K2 t o  s t u d y  t h e  e f f e c t  of t h i s  p o t e n t i a l  on t h e  

e x t r a c t i o n  of l o w  energy i o n s .  

keep i t  a t  t h e  same p o t e n t i a l  as Q. Since  Q must be grounded f o r  

p rope r  o p e r a t i o n  of t h e  quadrupole  t h i s  arrangement p r e v e n t s  un- 

d e s i r a b l e  l e n s  a c t i o n  i n  t h e  i n t e r v e n i n g  space .  

Cathode 5 has been grounded t o  

C.  The Probe 

The p r o b e ,  shown i n  F i g u r e s  1, 2 ,  and 3, is a commonly used 

method of e x p l o r i n g  i o n  energy  d i s t r i b u t i o n s .  I t  c o n s i s t s  of a 

Faraday cup  or i o n  c o l l e c t o r  C preceded by an a p e r t u r e  p l a t e  Q, 

which s e r v e s  as an  e l e c t r o s t a t i c  s h i e l d .  

An i o n  beam i n c i d e n t  on Q and C when both a r e  of ground 

p o t e n t i a l  will produce a c u r r e n t  a t  C ( I c ) .  

by i o n s  of a l l  e n e r g i e s  i n c i d e n t .  However, i f  a p o s i t i v e  p o t e n t i a l  

T h i s  w i l l  be produced 
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. 

is a p p l i e d  t o  C (VC) ’  i o n s  w i t h  energy less t h a n  e V  where e is 

t h e  cha rge  on t h e  i o n ,  w i l l  have i n s u f f i c i e n t  energy  t o  overcome 
C ’  

t h e  p o t e n t i a l  b a r r i e r  and w i l l  be turned  away. 

Vc w i l l  therefore p rov ide  t h e  i o n  energy d i s t r i b u t i o n  of t h a t  

p o r t i o n  of t h e  beam p a s s i n g  through Q. 

A p l o t  of IC v s  

By making t h e  a p e r t u r e  i n  Q t o  cor respond t o  t h e  d imens iona l  

r e s t r i c t i o n s  of a quadrupole  m a s s  spec t romete r  and t h e  r e t a r d i n g  

p o t e n t i a l  Vc t o  cor respond t o  t h e  energy r e s t r i c t i o n s ,  t h e  probe 

s e r v e s  t o  g i v e  t h e  u s e a b l e  s o u r c e  s e n s i t i v i t y  i n  amps/ torr  

r e f e r r e d  to  a quadrupole  e n t r a n c e .  A Q a p e r t u r e  of 1 mm w a s  used 

i n  t h e  p r e s e n t  s t u d y .  The probe was des igned  t o  be moveable so 

t h a t  beam c h a r a c t e r i s t i c s  could  be measured as a f u m t i o n  of d is -  

tame from t h e  source  a s  w e l l  a s  a f u n c t i o n  of d i f f e r e n t  object and 

image d i s t a n c e s  w i t h  t h e  l e n s  i n  use.  

I n  p r a c t i c e  t h e  beam emerging from K2 c o n t a i n s  e l e c t r o n s  as  

T h i s  s e r v e s  to  make IC n e g a t i v e  when V w e l l  a s  i o n s .  exceeds some 
C 

p o s i t i v e  v a l u e .  When IC is p l o t t e d  a g a i n s t  Vc, t o  o b t a i n  t h e  i o n  

energy  d i s t r i b u t i o n ,  s p e c i a l  problems of i n t e r p r e t a t i o n  r e s u l t  

which w i l l  be  d i s c u s s e d  w i t h  t h e  p r e s e n t a t i o n  of expe r imen ta l  re- 

s u l t s  i n  S e c t i o n  111. 

1). The Lens 

- 1. A n a l y t i c a l  approach ,  l e n s  l i m i t a t i o n s :  

L i t e r a t u r e  on t h e  o p t i c s  of charged p a r t i c l e s  is almost t o t a l l y  

concerned  w i t h  e l e c t r o n s .  While t h e  l a w s  govern ing  i o n  and e l e c t r o n  

o p t i c s  a r e  e s s e n t i a l l y  i d e n t i c a l ,  t h e  p r o p e r t i e s  of t h e  p r e s e n t  
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s o u r c e  and t h e  requi rements  of the  p r e s e n t  l e n s  pose fundamental  

d i f f e r e n c e s  i n  the problems of u s u a l  concern  i n  e l e c t r o n  o p t i c s .  

The p e c u l i a r  beam p r o p e r t i e s  of the  cold ca thode  i o n  s o u r c e ,  

which must be a n t i c i p a t e d ,  a r e  l a r g e  d ive rgence ,  lack of homo- 

c e n t r i c i t y  and large i o n  energy s p r e a d ,  ( f r o m  an  o p t i c a l  view 

p o i n t ) .  The p e c u l i a r  l e n s  requi rements  are c o n c e n t r a t i o n  of t h e  

l a r g e s t  number of i o n s  from t h i s  beam i n t o  a small  a p e r t u r e  ( 1  mm 

i n  d i ame te r )  w h i l e  ma in ta in ing  minimum i o n  energy  ( f o r  optimum 

s o u r c e  s e n s i t i v i t y  - d i s c u s s e d  i n  S e c t i o n  IV). 

An e lec t ros ta t ic  l e n s  w a s  chosen f o r  t h i s  work over  a magnet ic  

one. Among its r e l a t i v e  advantages are s m a l l  b u l k ,  v e r s a t i l i t y  

and  a f o c a l  l e n g t h  independent of charge  t o  mass r a t i o  (e/m) (4 1 . 
A s  a r e s u l t  of the l a t t e r ,  e l e c t r o n  electrostatic l e n s  s t u d i e s ,  i n -  

c l u d i n g  e x p e r i m e n t a l l y  determined f o c a l  l e n g t h s ,  are a p p l i c a b l e  t o  

t h e  p r e s e n t  i o n  l e n s  desigfi. 

The approach t aken  t o  t h e  l e n s  des ign  w a s  t o  t rea t  the  quad- 

r u p o l e  e n t r a n c e  a p e r t u r e  a s  image and t h e  i o n  source  e x t r a c t o r  

a p e r t u r e  a s  o b j e c t .  S ince  f o r  every  o b j e c t  p o i n t  there must t hen  

be a c o n j u g a t e  image p o i n t ,  i t  follows, (d i scoun t ing  a b e r r a t i o n  

effects and a p e r t u r e  l i m i t a t i o n s )  tha t  a l l  i o n s  f r o m  t he  o b j e c t  

hole  must l a n d  i n  the  image h o l e .  T h i s  approach e l i m i n a t e s  t h e  need 

f o r  knowing t h e  e x t r a c t e d  i o n s '  angu la r  d i s t r i b u t i o n  and r e q u i r e s  

no r e s t r i c t i v e  assumpt ions ,  such  as beam homocen t r i c i ty .  

To a s c e r t a i n  optimum l e n s  des ign  and optimum o p e r a t i n g  para-  

meters a most p e r t i n e n t  fundamental o p t i c a l  r e l a t i o n s h i p , b b b e ' s  s i n e  
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(5) l a w ,  w a s  e n l i s t e d .  Der ivab le  f r o m  t h e  p r i n c i p l e  of least  a c t i o n  , 
i t  is independent  of l e n s  system or type  of r a d i a t i o n .  Applying 

it t o  i o n  o p t i c s ,  a r e l a t i o n s h i p  is o b t a i n e d  between i m a g e  c u r r e n t  

i n t e n s i t y  ( c u r r e n t / u n i t  a r e a )  and r a d i a l  and a x i a l  i o n  ene rgy ,  

namely 

j' = j ( v f  s i n 2  Q ~ / V  s i n 2  Q). 

Here, j '  and j r e p r e s e n t  i o n  c u r r e n t  i n t e n s i t y  a t  image and o b j e c t ,  

r e s p e c t i v e l y ;  8'  and 8 r e p r e s e n t  t h e  a n g l e  which a r b i t r a r y  i o n  

p a t h s  make w i t h  t h e  l e n s  a x i s  a t  image and object,  r e s p e c t i v e l y ;  

V '  and V r e p r e s e n t  cor responding  ion  energy  p e r  u n i t  charge a t  t h e  

image and a b j e c t , r e s p e c t i v e l y .  

It can  be s e e n  t h a t  a fundamental  l i m i t a t i o n  is p laced  upon 

t h e  maximum a t t a i n a b l e  image i n t e n s i t y  by t h e  i o n  energy re- 

s t r i c t i o n s  a t  t h e  image imposed by a m a s s  a n a l y z e r .  High image 

i n t e n s i t y  r e q u i r e s  l a r g e  V '  and/or  large Q ' ,  w h i l e  l o w  a x i a l  and 

r a d i a l  ene rgy  a t  t h e  image r e q u i r e s  s m a l l  V' and 8 ' .  An optimum 

compromise between the  t w o  g o a l s  is  therefore necessa ry .  

Abbe's s i n e  l a w  a l s o  p rov ides  one of t h e  impor tan t  r e a s o n s  

f o r  choice of an  e i n z e l  l e n s  des ign .  Here; ions leaving the 1e1s 

have the  same energy  as  those e n t e r i n g .  It  therefore, has been 

p o s s i b l e  t o  d e s i g n  a l e n s  (d i scussed  i n  S e c t i o n  ID-2) so t h a t  V'=V, 

t h u s  l e a v i n g  t o t a l  i o n  energy i n t a c t .  T h i s  is a t  t h e  expense of 

i n c r e a s i n g  t h e  r a d i a l  component of t h e  energy.  However, t h e  r a d i a l  

component i n c r e a s e s  on ly  as  the squa re  r o o t  of t h e  t o t a l  energy  
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i n c r e a s e  which would be r e q u i r e d  of a n  a c c e l e r a t i n g  l e n s  t o  produce 

t h e  same i n t e n s i t y .  

An a d d i t i o n a l  s o u r c e  of i n t e n s i t y  l i m i t a t i o n  a r i s e s  because 

s o u r c e  i o n s  are n o t  monoenergetic.  Reduced i n t e n s i t y  here r e s u l t s  

because  i o n s  of d i f f e r e n t  energy cannot  produce a n  image a t  t h e  

quadrupole  e n t r a n c e  a p e r t u r e  f o r  t h e  same l e n s  o p e r a t i n g  c o n d i t i o n s .  

S ince  no methods p r e s e n t l y  e x i s t  f o r  t h e  s o l u t i o n  of t h i s  problem 

(chromatic  a b e r r a t i o n )  i n  e l e c t r o n  (o r  i o n ) o p t i c a l  sys tems(6)  , t h e  

o n l y  r e c o u r s e  is t o  image about  t h e  energy of greatest i n t e n s i t y .  

F i n a l l y ,  i n t e n s i t y  is a f u n c t i o n  of l e n s  e l e c t r o d e  a p e r t u r e  

size and s p a c i n g .  If f o r  a p a r t i c u l a r  p o s i t i o n i n g  of  o b j e c t ,  image 

and l e n s  t h e  o u t e r  a p e r t u r e s  of the l e n s  are  t o o  l a r g e ,  t hen  t h e  

e lectrostat ic  f i e l d  bu lg ing  through them is d i s t o r t e d  by o b j e c t  or  

image e l e c t r o d e s  (or by i n t e r f e r e n c e  f r o m  t h e  magnetron f i e l d  bu lg ing  

through the  5 a p e r t u r e )  w i t h  r e s u l t i n g  a b e r r a t i o n  (' y 8 )  and hence , 
reduced image i n t e n s i t y .  On t h e  o t h e r  hand, i f  t h e  a p e r t u r e s  a re  

too s m a l l ,  on ly  a s m a l l  f r a c t i o n  of t h e  s o u r c e  i o n s  are i n t e r c e p t e d  

by t h e  l e n s ,  a g a i n  r e s u l t i n g  i n  image i n t e n s i t y  r e d u c t i o n .  Obviously 

a compromise must a g a i n  be e f f e c t e d .  

The above i n d i c a t e d  l e n s  l i m i t a t i o n s  c o n s t i t u t e  problems re- 

d u c i b l e  by optimum c h o i c e  of l e n s  d e s i g n ,  p o s i t i o n i n g  and o p e r a t i n g  

p a r a m e t e r s .  However, i t  should  be i n d i c a t e d  t h a t  other l i m i t a t i o n s  

e x i s t  which a re  no t  s o  r e d u c i b l e .  For example, a wide beam 

d i v e r g e n c e  r e s u l t s  i n  s p h e r i c a l  a b e r r a t i o n  f o r  which t h e r e  are no 

known s o l u t i o n s  i n  e l e c t r o n  o p t i c s  ( 6 )  and l i t t l e  r e c o u r s e  t o  minimizing 
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i n  he p r e s e n t  s i t u a t i o n .  F i n a l l y ,  u n l e s s  t h e  l e n s  is made t o  a f f e c t  

t h e  f i e l d  i n s i d e  the  magnetron, it can under t h e  c o n d i t i o n s  assumed, 

supp ly  no more than  approximately 9 t i m e s  t h e  i n t e n s i t y  a v a i l a b l e  t o  

t h e  Q p l a t e  a p e r t u r e  by i t s e l f ,  w i t h  t h e  l a t t e r  p l aced  a d j a c e n t  t o  

t h e  s o u r c e  e x i t  a p e r t u r e .  (This  is the  r a t i o  of ex i t  a p e r t u r e  area 

t o  Q p l a t e  a p e r t u r e  a r e a . )  The l a t t e r  f i g u r e  a c t u a l l y  appea r s  much 

t o o  h igh .  An i n t e n s i t y  i n c r e a s e  o f  9 r e q u i r e s  a m a g n i f i c a t i o n  of 

1/3 and hence a n  image t o  object d i s t a n c e  r a t i o  of 3. T h i s  f o r c e s  

t h e  l e n s  back so  that  on ly  a f r a c t i o n  of the  beam s o l i d  a n g l e  emerging 

from t h e  s o u r c e  can  be i n t e r c e p t e d  by i t ;  a maximum of u n i t y  

m a g n i f i c a t i o n  appea r s  closer t o  the t r u t h .  

The above p e s s i m i s t i c  conc lus ions  are  based on a n e c e s s a r i l y  

p e s s i m i s t i c ,  g e n e r a l  approach t o  t h e  problem which must assume a 

b road ,  non-homocentric beam w i t h  a broad energy d i s t r i b u t i o n  (from 

an  o p t i c a l  v i ewpo in t ) .  A beam more f a v o r a b l e  t o  l e n s  a c t i o n  may 

a c t u a l l y  ex is t  and t h e  l a t t e r  assumed problems may be minimal,  hence 

t h e  n e c e s s i t y  f o r  expe r imen ta t ion .  

2 .  Design and o p e r a t i o n :  

Flgiirea 1, 2 and 3 shcv t h e  l e n s  sectioll, which cc?ncists of 

e l e c t r o d e s  L1, L2, and L3. 

chosen o v e r  c y l i n d r i c a l  ones fo r  compactness,  v e r s a t i l i t y ,  and ,  f o r  

r e d u c t i o n  of bo th  s p h e r i c a l  a b e r r a t i o n  and i o n i c  space  cha rge  effects. 

The d e s i g n  chosen is tha t  of a n  e i n z e l  l e n s  which fo l lows  t h e  pro- 

p o r t i o n s  of t h e  l e n s  designed and s t u d i e d  by Zworykin‘’). 

A design employing p l a n e  electrodes were 

As 
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p r e v i o u s l y  d i s c u s s e d ,  t h e  e i n z e l  l e n s  has t h e  advantage  of f o c u s i n g  

wi thou t  i n c r e a s i n g  t o t a l  i o n  ene rgy ,  a l though  t h e  r a d i a l  and a x i a l  

components of t h i s  energy are changed. S e l e c t i o n  of Zworykin's 

des ign  has t h e  advantage of making u t i l i z a b l e  the f o c u s i n g  p r o p e r t i e s  

determined and p l o t t e d  from h i s  exper imenta l  data and g i v i n g  

a s s u r a n c e  of a n  a b e r r a t i o n - f r e e  des ign .  

Lens f o c u s i n g  is accomplished by vary ing  on ly  t h e  p o t e n t i a l  on 

Lz. E l e c t r o d e s  5 ,  L1, L and Q are  k e p t  a t  t h e  same p o t e n t i a l  

(ground) t o  provide  a f i e l d - f r e e  r e g i o n  on each s i d e  of t h e  l e n s  (10) 

T h i s  is e s s e n t i a l  t o  a b e r r a t i o n - f r e e  performance s i n c e  f i e l d s  on 

e i ther  s i d e  of t h e  l e n s  would act  t o  d i s t o r t  those of t h e  l e n s  it- 

self .  T h i s  arrangement a lso f u l f i l l s  t h e  z e r o  p o t e n t i a l  requi rements  

of t h e  a x i s  of t h e  quadrupole  a n a l y z e r .  

Lens f o c a l  l e n g t h s  can  be determined f r o m  a graph  pub l i shed  by 

and shown i n  F i g u r e  4.  As normally used f o r  e l e c t r o n s ,  Zworykin (11) 

A 
chart  p o t e n t i a l s  Vc and V correspond t o  t h e  e x t e r n a l l y  a p p l i e d  0 

electrode p o t e n t i a l s .  T h i s  is because l e n s  p o t e n t i a l s  ( t o  a good 

approximat ion)  are  s o l e l y  r e s p o n s i b l e  f o r  t h e  e l e c t r o n ' s  energy Y 

o r  p o t e n t i a l  p e r  u n i t  cha rge  (V/e) ,  w i t h i n  t h e  l e n s .  For t h e  c o l d  

(12) 

ca thode  i o n  s o u r c e ,  however, i o n s  have a n  i n i t i a l  s p r e a d  of e n e r g i e s  

upon emerging from t h e  s o u r c e  which are independent of l e n s  

e l e c t r o d e  p o t e n t i a l s .  Ion energy w i t h i n  t h e  l e n s  is therefore t h e  

sum of t h e  i o n s  i n i t i a l  energy and t h a t  r e s u l t i n g  from l e n s  p o t e n t i a l s .  

C h a r t  p o t e n t i a l s  were t h e r e f o r e  determined by first a s s i g n i n g  

a n e g a t i v e  electrode p o t e n t i a l  VI t o  correspond t o  t h e  i o n ' s  i n i t i a l  

* N o t  t o  be m i s t a k e n  for t h e  c o l l e c t o r  p o t e n t i a l  symbol Vc used else- 
where i n  t h e  t e x t .  

- 15 - 



I .  

\ 

// 

2 3 
lboioofrndtla.ppTcdbanb.l 
ad -- KlV. 

FIG. 4 GRAPH FOR DETERMINING FOCAL LENGTHS (FROM ZWORYKIN~~) 
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energy (e.g. 

the externally applied potentials to L1 and Lz, respectively, then, 

since VL1 is kept at zero volts, 

= -30 volts for a 30 ev ion). If VL1 and v u  are 

- =  vC vI+vL2 
vO 

Figure 4 therefore indicates an infinite focal length for Vu 

at zero volts and there is no lens action. The focal length de- 

creases when V is made either increasingly positive or negative. 

The focal length approaches zero for Vu positive and approximately 
L2 

equal to VI. 

Vu +&,a. 

for any combination of VI and V 

However, for negative values of Vu, f + 0 only as 
Thus Figure 5 can be used to determine focal lengths 

When V /V > 3, focal lengths can L!2* c o  
only be estimated. 
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II EXPERIMENTAL PROCEDURES AND AUXILIARY APPARATUS 

Experimental source study was arranged into essentially three 

stages, subsequent to preliminary tests, as follows: (1) Measure- 

ment without a lens of ion current intensity vs energy as a function 

of (a) pusher kathode prrtential V and (b) distance from the ion K1 
exit aperture IC2. (2) Determination of lens effectiveness in im- 

proving sensitivity and (3) Measurement of ion current intensity vs 

energy as a function of gas composition and pressure. 

The P'Swagelokl? fitting was used in stages (1) and (2) -  It 

allowed positioning of probe and lens via the positioning rod (Figure 2) 

without opening the flange and allowed each new distance between 

components to be measured externally. Completion of stages (1) and 

(2) allowed positioning to be fixed and allowed removal of the 

PvSwagelob9' teflen washers, to permit high temperature bake out of the 

source in preparation for stage 8 3 ) -  

Prelimixary to experimental study, considerable care was 

exercised in aligning internal source components. This was critical 

for lezrs studies, since a narrowly focused beam might miss an off- 

centered grebe apertrlre, for example, Critical elements of the 

magnetron and probe were assembled with the aid of alignment jigs. 

These centered and spaced the elements within their respective mount- 

ing cylinders. Lens elements were machine fitted. Subsequent to 

assembly, the entire source, including the lens, was centered in a 

lathe and alignment furtker checked with a cathetometer. Necessary 

adjustments were made by bending the kovar to glass supporting studs. 
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P r i o r  t o  assembly,  e l e c t r o n i c  components w e r e  po l i shed  t o  pre- 

v e n t  h i g h  v o l t a g e  breakdown, undes i r ab le  f i e l d  e m i s s i o n  and un- 

d e s i r a b l e  e l e c t r o s t a t i c  f i e l d  p e r t u r b a t i o n s .  

The vacuum s y s t e m  employed is shown s c h e m a t i c a l l y  i n  F i g u r e  5. 

A t o p  view is shown pho tograph ica l ly  i n  F i g u r e  6 .  The o v e r a l l  test 

s e t  up is shown i n  F igu re  7. The vacuum system was d i v i d e d  i n t o  

upper and lower manifold u n i t s .  This  arrangement a l lowed t h e  upper 

p o r t i o n  t o  be oven baked w h i l e  be ing  pumped from below. Subsequent 

t o  bake o u t ,  t h e  upper man i fo ld ,  thus  c l e a n e d ,  w a s  va lved  o f f  from 

t h e  lower and pumped on i t s e l f .  

The upper manifs3.d c c n s i s t e d  of t h e  c o l d  ca thode  i o n  s o u r c e ,  

a modulated &yard-Alpert  gauge,  an 11 l i t e r  p e r  second Ul tek  

Model 10-252 i o n  pump, a G r a n v i l l e - P h i l l i p s  Type L u l t r a h i g h  vacuum 

v a l v e  f o r  v a l v i n g  o f f  t h e  upper manifcld from t h e  lower and a Yarian 

v a l v e  f o r  c l o s i n g  t h e  i o n  pump. A G r a n v i l l e - P h i l l i p s  t h e r m o s t a t i c a l l y  

c o n t r o l l e d  oven was used for baking t h e  upper mani fo ld  s y s t e m .  

The lower manifold c o n s i s t e d  of a 20 l/sec Ul tek  model 10-354 

i o n  pump, a 2400 l/sec mechanical  pump, a p o r t  f o r  f e e d i n g  g a s  t o  

t h e  sys tem and a s s o c i a t e d  G r a n v i l l e - P h i l l i p s  UHV v a l v e s  f o r  c l o s i n g  

o f f  t h e  t h r e e  o u t l e t s .  

Energy s p e c t r a  were ob ta ined  w i t h  t h e  a i d  of a b a t t e r y  o p e r a t e d  

K e i t h l e y  Model 600A e l e c t r o m e t e r .  Measurements of c o l l e c t o r  c u r r e n t  

IC v s  c o l l e c t o r  p o t e n t i a l  Yc were made by  i n s u l a t i n g  t h e  e l e c t r o m e t e r  

from ground v i a  a Styrofoam block  and r e a d i n g  c u r r e n t s  w i t h  t h e  

case r a i s e d  t o  t h e  s e l e c t e d  Vc v a l u e s .  C o l l e c t o r  leakage  c u r r e n t s ,  
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o b t a i n e d  w i t h  t h e  anode p o t e n t i a l  off, were s u b t r a c t e d  f r o m  c o l l e c t o r  

c u r r e n t  r e a d i n g s  a f t e r  each s e t  of r e a d i n g s  were o b t a i n e d .  

K e i t h l e y  Model 610 e l e c t r o m e t e r s  monitored t h e  remain ing  e l e c t r o d e  

c u r r e n t s  I and IK1. 

e x p e d i t i o u s  for r e c o r d i n g  s o u r c e  c h a r a c t e r i s t i c s  d u r i n g  t h e  l e n s  ex- 

pe r imen t s .  

A Moseley (Model 2D-2A)  X-Y r e c o r d e r  proved Q 

Magnetic f i e l d  measurements were made p r i o r  t o  s o u r c e  s t u d i e s  

and a g a i n  du r ing  l e n s  exper iments .  

- 23 - 



111 EXPERIMENTAL RESULTS AND CONCLUSIONS 

A .  Ion Beam S t u d i e s  Withcut t h e  Lens 

1 .  Ion ece rgy  d i s t r i b u t i o n  v s  Vgl: 

I n i t i a l  exper iments  were concerned p r i m a r i l y  w i t h  de te rmining  

which v a l u e  of pusher  ca thcde  p o t e n t i a l  VK1 would p rov ide  t h e  h i g h e s t  

i o n  beall! i n t e n s i t y  through t h e  Q a p e r t u r e  and w i t h  de te rmining  t h e  

r e s u l t i n g  i o n  (and e l e c t r o E )  energy d i s t r i b u t i o n .  The r e s u l t s  of 

t h e s e  exper iments  are  shown i n  F igu re  8. C o l l e c t o r  c u r r e n t  I is 

p l o t t e d  v s  c o l l e c t c r  p o t e n t i a l  Vc f o r  - l l O ( V c < + ~ 1 0  v o l t s  and f o r  

C 

-40<VK1(+40 v o l t s .  

The K t e  Q d i s t a n c e  chosen was 0.61 i n c h e s ,  approximately t h e  2 

same as used i n  t h e  f e a s i b i l i t y  s t u d y .  Anode p o t e n t i a l  w a s  5.6 KV 

and t h e  mean p r e s s u r e  was 5.5 x 10 t o r r  (Ni t rogen) .  The a x i a l  
-8 

magnet ic  f i e l d  a t  t h e  c e n t e r  of t h e  magnetron was 1225 gauss  

(mangetic f i e l d  v a l u e s  g iven  i n  t h e  October r e p o r t  were i n  e r r o r ) .  

The c u r v e s  f o r  p o s i t i v e  V d i s p l a y  s t e e p  s l o p e s  i n i t i a l l y ,  
C 

g r a d u a l l y  l e v e l i n g  off a s  Vc i n c r e a s e s .  

d0minanc.e of l o w  energy  ions f o r  a l l  v a l u e s  of YK1, e n a b l i n g  h igh  

quadrupole  a n a l y z e r  s e n s i t i v i t y .  Highest s e n s i t i v i t i e s  are in-  

This  i n d i c a t e s  a pre- 

d i c a t e d  f o r  VKl< 0 ,  s i n c e  t h e  r a t i o  of d i f f e r e n t i a l  c o l l e c t o r  c u r r e n t  

t o  d i f f e r e Q t i a l  r e t a r d i n g  p o t e n t i a l  (AIc/kSVc) is then  grea tes t .  

However, a predominant e l e c t r o n  component is a l s o  i n d i c a t e d  f o r  V < 0. 
T h i s  is  evidenced  by t h e  n e g a t i v e  IC v a l u e s  a t  z e r o  Vc. 

v a l u e s  of VK1 r e l i a b l y  t o  r e p r e s e n t  a q u a n t i t a t i v e  i o n  energy d i s -  

t r i b u t i o n ,  i t  is t h e r e f o r e  e s s e n t i a l  t h a t  t h e  e l e c t r o n  c u r r e n t  p a s s i n g  

K1- 

For n e g a t i v e  
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through Q remain c o n s t a n t  fo r  a l l  p o s i t i v e  v a l u e s  of V . C 

Although H e l m e r  and Jepson (13) a p p a r e n t l y  assumed a c o n s t a n t  

e l e c t r u n  c u r r e n t  when probing  the ion  energy  d i s t r i b u t i o n  of a 

Penning s o u r c e  having  a large e l e c t r o n  component, i t  w a s  c o n s i d e r e d  

e s s e n t i a l  t o  i n v e s t i g a t e  t h i s  s i t u a t i o n  expe r imen ta l ly .  For t h i s  

purpose ,  d a t a  on IC v s  n e g a t i v e  V 

The v e r i f i c a t i o n  sought  was based i n  t h e  fo l lowing  r eason ing :  

shown i n  F igu re  8 was taken .  
C Y  

I f  t h e  e l e c t r o n  component remains c o n s t a n t  f o r  

p o s i t i v e  V then  the  ion  component must re- 

main c o n s t a n t  for n e g a t i v e  V . A t  some 

n e g a t i v e  v a l u e  of V when a l l  e l e c t r o n s  are  
C ’  

r e ta rded ,  t h e  t o t a l  i o n  c u r r e n t  w i l l  be in-  

dicated a s  t h e  a b s o l u t e  v a l u e  of IC. 

v a l u e  must t h e r e f o r e  e q u a l  o r  exceed t h e  i o n  

c u r r e n t ,  a IC,  i n d i c a t e d  f o r  p o s i t i v e  v a l u e s  

of I T c ,  over  some range A V c .  

C Y  

C 

T h i s  

Over t h e  n e g a t i v e  V range  i n v e s t i g a t e d ,  t h e  d a t a  of F igu re  8 
C 

f a i l s  t o  g i v e  t h e  sought  a f t e r  v e r i f i c a t i o n . .  For Vc<-50 v o l t s ,  

c o l l e c t o r  c u r r e n t  is e s s e n t i a l l y  c o n s t a n t  and independent of VK1. 

The d a t a  t h e r e f o r e  i n d i c a t e s  t h a t  e s s e n t i a l l y  a l l  e l e c t r o n s  have 

been r e t a r d e d .  

amperes is i n d i c a t e d .  T h i s  f a i l s  t o  e q u a l  o r  exceed i o n  c u r r e n t s  

i n d i c a t e d  f o r  p o s i t i v e  Vc ,  when VKl< 0 .  

Hence a t o t a l  i o n  c u r r e n t  of approximately 0 .5  x lo-’ 

For example, f o r  VK1=-40 v o l t s  

and a V c = l O O  v o l t s  (O(Vc(+lOO v o l t s )  , A I c = l . 8  x 10- 9 amperes. 
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c 

Two e x p l a n a t i o n s  are p o s s i b l e .  One is t h a t  some e l e c t r o n s  

have no t  been r e t a r d e d  due t o  the presence  of a h i g h e r  energy c o m -  

ponent ,  t h i s  would mean t h a t  t h e  p l a t e a u  v a l u e  of I does n o t  

r e p r e s e n t  t o t a l  i o n  c u r r e n t .  The other  e x p l a n a t i o n  ( p o s s i b l y  i n  

combinat ion w i t h  t h e  f i r s t )  is t h a t  t he  change i n  I w i t h  p o s i t i v e  

Vc is caused  by drawing i n  i n c r e a s i n g  numbers of e l e c t r o n s  through 

Q a s  Vc is made i n c r e a s i n g l y  p o s i t i v e .  Lens s t u d y  d a t a ,  d i s c u s s e d  

i n  I I I B ,  s u p p o r t s  the  l a t t e r  exp lana t ion .  However, a c a r e f u l  

e x t e n s i o n  of t h e  d a t a  t o  v a l u e s  of + Vc i n  t h e  v i c i n i t y  of anode 

p o t e n t i a l  might  be r e q u i r e d  t o  answer these q u e s t i o n s  more com- 

p l e t e l y .  

C 

C 

- 

I n  F i g u r e  9 ,  d i f f e r e n t i a l  c o l l e c t o r  c u r r e n t s ,  o b t a i n e d  from 

the  data of F igu re  8 ,  have been p l o t t e d  a g a i n s t  VK1 f o r  selected 

i n t e r v a l s  of r e t a r d i n g  f i e l d  p o t e n t i a l s .  I n  view of t h e  above 

d i s c u s s i o n ,  o n l y  those c u r r e n t s  p l o t t e d  f o r  p o s i t i v e  v a l u e s  of VK1 

can  be c o n s i d e r e d  a v a l i d  q u a n t i t a t i v e  r e p r e s e n t a t i o n  of i o n  beam 

c u r r e n t  a s  a f u n c t i o n  of energy (only s m a l l  e l e c t r o n  components 

a re  i n d i c a t e d  f o r  these v a l u e s  i n  F igure  8 ) .  The v a l u e s  shown f o r  

n e g a t i v e  V are probably t o o  h igh ,  a l though p o s s i b l e .  V e r y  l i k e l y ,  

t hey  are of t h e  same o r d e r  of magnitude a s  t hose  of p o s i t i v e  VK1. 

Values  of  IC are  shown t o  be e s s e n t i a l l y  independent  of p o s i t i v e  

v a l u e s  of VK1. The pe rcen tage  of t h e  beam made up of p a r t i c u l a r  

ene rgy  i o n s  is shown t o  be e s s e n t i a l l y  i n v a r i a n t  w i t h  V w i t h  low 

ene rgy  i o n s  predominat ing.  

K 1  

K l ,  
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Figure  10 shows a t y p i c a l  i n t e g r a l  i o n  energy  spec t rum in-  

d i c a t e d  by t h e  d a t a  of F igu re  8. Ion beam s e n s i t i v i t y  i n  amps/ 

t o r r  is p l o t t e d  a g a i n s t  i o n  energy f o r  VK1=+40 v o l t s .  I t  is 

s e e n  f o r  example t h a t  i o n s  between zero and 30 e v  c o n s t i t u t e  

about  2/3 of t h e  i o n s  under 100 ev w h i l e  i o n s  between zero and 10 

ev c o n s t i t u t e  about  h a l f .  

2 .  Ion energy  d i s t r i b u t i o n  v s  d i s t a n c e :  

I n  view of t h e  above d i s c u s s e d  lack of ev idence  of a con- 

v i n c i n g  s e n s i t i v i t y  advantage of one v a l u e  of V over  o thers ,  

s t u d i e s  of i o n  energy s p e c t r a  v s  d i s t a n c e  were conducted w i t h  

'K1 
shown i n  F i g u r e s  11, 12 and 13 r e s p e c t i v e l y .  D i f f e r e n t i a l  

c o l l e c t o r  c u r r e n t  between z e r o  Vc and s e l e c t e d  p o s i t i v e  v a l u e s  is 

shown over" a K2 t o  Q 

K 1  

=+40, z e r o  and -40 v o l t s .  The r e s u l t s  of these s t u d i e s  are 

d i s t a n c e  range  of 0.14 inches t o  1.83 i n c h e s .  

C o n d i t i o n s  a r e  e s s e n t i a l l y  the same a s  i n  p r e v i o u s l y  
-8 d i s c u s s e d  d a t a  i n c l u d i n g  a mean p r e s s u r e  of 5.5 x 10 t o r r .  How- 

e v e r ,  there is a p r e s s u r e  v a r i a t i o n  of + 0.3 x 10 t o r r .  (The 

d a t a  shown a t  0.61 inches  is t aken  from t h e  d a t a  of Figure  8 ,  a l -  

r eady  d i s c u s s e d ) .  D i f f i c u l t i e s  were encountered w i t h  what appeared 

t o  be changes  i n  o p e r a t i o n a l  mode. 

was observed  t o  change by a s  much a s  35%. While c a r e  w a s  t aken  t o  

p r e s e r v e  the  same mode f o r  a l l  d a t a  t a k e n ,  there is doubt about  

t h e  mode f o r  VK1=+40 v o l t s  a t  0.88 i n c h e s  (F igure  11). 

c u r r e n t  t h e r e f o r e  may be i n  e r r o r  by a s  much a s  + 35%. 

-8 - 

As a r e s u l t ,  ca thode  c u r r e n t  IK1 

The i n d i c a t e d  

- 

- 2 9  - 



4 . (  

3 . c  

2 . 0  

1 . 0  

Mean Pressure : 5 . 5 ~ 1 0  -8 torr ( N i t r o g e n )  

Magnetic F i e l d :  1225 G a u s s  
Anode P o t e n t i a l :  5600 V o l t s  
K2 to  Q D i s t a n c e :  0 .61 Inches 

F I G .  10 S E N S I T I V I T Y  VS INTEGRAL ION ENERGY 
AT 0.61 INCHES,FOR VK1 AT +40 VOLTS 

ION ENERGK (ev)  

A- 1, A -  
L U  

I 4u O U  uu - 
I 

- 30 - 



/ 

k a,+ / 
/ 

1 7.(c rn E r a ,  
c, / / a M O /  

> 
a, 

0 

m 

I 
I 

1 I I I I I 
0 0 0 0 0 0 

(0 10 d( M N r( 

n 
rn w 
X u 
R n 
W 

w u 
R 

rn 
2 
U n 
v 
0 
Q 

k!* 

- 31 - 



c 
NE 
rlrn 

H 

n 
c 
Q, 
M 
0 
k 
c, 

2 
W 

k 
k 
0 

I I I I I I 
0 0 0 

9 m cv rl 

0 0 0 

tD 10 

( SdvUV 01) LN3ZIZIIn3 'tTCXL331103 'IVI,LNBZI366Ia 
6-  

- 32 - 



k 
k 
0 
C I m  rn+ 

m rnr l  
I 7 0  
0 c d *  

X u 3 0  
-0 

\ 

> 
a, 

"I 4 

I I I I I 
0 0 0 0 0 

u3 -Y m cv 4 

- 33 - 



For a l l  three v a l u e s  of vK1y t h e  h i g h e s t  d i f f e r e n t i a l  

collector c u r r e n t  is s e e n  t o  b e  ob ta ined  n e a r e s t  t h e  beam ex i t  

a p e r t u r e ,  (with t h e  excep t ion  of v a l u e s  fo r  VK1=+40 a t  a d i s -  

t a n c e  of 0.88 i n c h e s  f o r  Vc)30 v o l t s ) .  

occurs a t  a p o i n t  more d i s t a n t .  

v o l t s  t h e  second peak is approximately a t  0.88 i n c h e s ,  w h i l e  f o r  

VK1=-40 v o l t s  i t  is f u r t h e r  b u t  less p r e c i s e l y  i n d i c a t e d  (due t o  

t h e  l i m i t e d  d a t a  o b t a i n e d ) .  The p r e c i s e  energy d i s t r i b u t i o n  is 

s e e n  t o  v a r y  w i t h  both d i s t a n c e  and VK1. 

a r e  i n d i c a t e d  t o  predominate over  a l l  v a l u e s  of VK1 and d i s t a n c e  

i n  a manner approximating t h a t  shown i n  F igu re  10. 

A c u r r e n t  peak a l s o  

For VK1 = zero v o l t s  and +40 

However, low energy i o n s  

Cons ider ing  i o n s  w i t h  energy (30 ev a s  a n  example, t h e  high- 

es t  i n d i c a t e d  s e n s i t i v i t i e s  are 5.5 ma/torr  f o r  VKlP+40 v o l t s ,  a t  

d i s t a n c e s  of both! 0.14 i n c h e s  and 0.88 i nches .  

and -40 v o l t s  the i n d i c a t e d  s e n s i t i v i t i e s  a r e  80 ma/ tor r  and 76 ma/ 

t o r r  r e s p e c t i v e l y ,  bo th  a t  0.14 inches .  However, i n  view of t h e  

For VK1=zero v o l t s  

large e l e c t r o n  component p r e s e n t  fo r  t h e  l a t t e r  two VKl v a l u e s ,  

t h e i r  s e n s i t i v i t , y  f i g u r e s  a re  probably t o o  h igh ,  a s  d i s c u s s e d  

ear l ie r .  

The m o r e  c o n s e r v a t i v e  f i g u r e  of 5.5 ma/torr  o b t a i n e d  f o r  

VK1=+40 v o l t s  a t  a d i s t a n c e  of e i the r  0.14 i n c h e s  or 0.88 i nches  

compares w i t h  5.1 ma/ tor r  o b t a i n e d  w i t h  t h e  s o u r c e  used i n  t he  

f e a s i b i l i t y  s t u d y .  S ince  t h e  l a t t e r  used a Q a p e r t u r e  ( then  c a l l e d  

A-2) n i n e  t i m e s  t he  a r e a  of t h e  p r e s e n t  o n e ,  a minimum s e n s i t i v i t y  

improvement of a f a c t o r  of 10  is i n d i c a t e d  wi thou t  t h e  u s e  of a l e n s .  

- 34 - 



B. Lens E f f e c t i v e n e s s  

Three p o s i t i o n s  of l e n s  and probe were s e l e c t e d  f o r  ex- 

p e r i m e n t a t i o n ,  as  f o l l o w s :  

1. t o  L2 = 1.38" and t o  Q = 1.83". Th i s  c o n s t i t u t e s  

an  o b j e c t  d i s t a n c e  (K 

d i s t a n c e  (L2 t o  Q) t o  provide  a 1/3 m a g n i f i c a t i o n  of t h e  K 

t o  L2) approximately three t i m e s  t h e  image 2 
e x i t  2 

a p e r t u r e  at Q. 

between L3 and Q t o  prevent  d i s t o r t i o n  of t h e  l e n s  f i e l d  and con- 

sequen t  a b e r r a t i o n .  

A minimum of one Lg a p e r t u r e  d iameter  w a s  l e f t  

2. K2 t o  Lz -- 0.82" and 5 t o  Q = 1.63". T h i s  c o n s t i t u t e s  

t h e  closest proximi ty  between K2, l e n s  and Q for l a r g e s t  beam 

f r a c t i o n  i n t e r c e p t i o n  wi thou t  l e n s  f i e l d  p e r t u r b a t i o n ,  e i t he r  by 

t h e  magnetron f i e l d  o r  a d j a c e n t  electrodes. I n  the even t  of a 

n e a r l y  p a r a l l e l  beam, n e a r l y  a l l  i ons  would be focused  i n t o  Q 

(disco-Anting a b e r r a t i o n s )  by making Q t h e  f o c a l  p o i n t .  

3. '<2 to L = 0.46" and K2 t o  Q = 0.90". T h i s  c o n s t i t u t e s  2 
approximate ly  t h e  clcsest  d i s t a n c e  between K 2 ,  t h e  l e n s  and Q 

p o s s i b l e  wi thout  t h e  three p h y s i c a l l y  touching  each other .  The 

l a r g e s t  beam f r a c t i o n  is the reby  i n t e r c e p t e d  by t h e  l e n s  w h i l e  Q 

is a l s o  closest f o r  maximum demagn i f i ca t ion ,  which i n  t h i s  case 

is u n i t y .  There is no r e g a r d  f o r  f i e l d  p e r t u r b a t i o n s  by e l e c t r o d e  

or magnetroa f i e l d  p rox imi ty  and the  importance of such a b e r r a t i o n s  

vs t h e  importance of i n t e r c e p t i n g  a l a r g e r  ._ f r a c t i o n  of i o n  beam is 

tb-ereby tested.  The p o s s i b i l i t y  e x i s t s  of l e n s  i n t e r a c t i o n  w i t h  

t h e  f i e l d  of t h e  magnetron for e x t r a c t i o n  of  a l a r g e r  number of i o n s  
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and of focusing a near parallel beam into Q (Mangnification is 

then unimportant). 

By varying lens potentials over several hundred volts, the 

requisite focal distances for the indicated positions should be 

attainable. This is discussed in Section ID together with a 

fuller discussion of the reasons underlying the choice of the ex- 

perimental conditions selected and of expected lens performance 

limitations. 

Examples of data obtained at position I is shown in Figures 

14 and 15 for VK1= zero and +40 volts, respectively. 

current IC is shown plotted against lens potential Vu for 

-120<Vu<+120 volts. This was done for several values of re- 

tarding potential VCt as shown, to note the effect on ions of 

different energies, since focusing will be energy dependent. Other 

conditions are essentially the same as for previously discussed 

experiments without the lens. 

Collector 

It is seen in Figure 14 and to a lesser extent in Figure 15 

that the ratio of differential collector current to differential 

retarding potential, aIc/AVc, increases as VL2 becomes more 

positive and decreases as it becomes more negative. Superficially, 

this appears to indicate ion  focusing and ion defocusing, respective- 

ly, However, such behavior seems highly unlikely. An important 

reason is that low energy ions are indicated to be convergent long 

after YL2 is sufficiently positive to retard them; e.g., 10 ev ions 

(indicated by IC for O<V (10 volts) are still shown increasing when 
C 
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Vu is +120 v o l t s .  

This anomalous behavior  can ,e accountec f o r  by t h e  f o c u s i n g  

of e l e c t r o n s  i n  t h e  beam. 

predominates  over  i o n  f o c m i n g ,  over t h e  Vu range  shown. 

focxs ing  is e v i d e n t  because I 

even when V -0. However as i n d i c a t e d  by prev ious  d a t a  ob ta ined  

wi thou t  t h e  l e n s ,  e l e c t r c n s  a l s o  appear t o  be drawn through Q 

For VK1=O (F igure  1 4 ) .  t h i s  e f f e c t  

E l e c t r o n  

goes n e g a t i v e  a s  Vu goes p o s i t i v e  
C 

c 

when V is made p o s i t i v e .  

p o s i t i v e  t h i s  e f f e c t  would be enhaneed and t h u s  account  f o r  t h e  

appa ren t  i n c r e a s e  i n  i o n  curregt. For VK1=+40 (F igu re  15)  t h i s  

e f f e c t  is smaller s i n c e  t h e r e  a r e  fewer e l e c t r o n s  i n  t h e  beam. 

The re fo re ,  when V m  is made i n c r e a s i n g l y  c 

When Vu is made n e g a t i v e ,  l a w  energy e l e c t r o n s  a r e  e v e n t u a l l y  

r e p e l l e d .  F igu re  8 S ~ Q W  t h a t  a t  VKI==O t h e  e l e c t r o n s  (or t h e i r  

low energy component) have a maxir-urn energy of about  20 ev .  In 

F i g u r e  1 4 ~ 1 1  decrease.; u t i1  Vc ic, approximately -20 v o l t s .  This 

i n d i c a t e s  t h a t  o n l y  a t  t h a t  p o i n t  isL91c p u r e l y  i o n i c .  The l a t t e r  

e f f e c t  i s  pronounced €or V -0 v o l t s  because of t h e  predominant 
K l  

e l e c t r o n  beam component. This  e f f e c t  a l s o  accoun t s  f o r  t h e  i n c r e a s e  

i n  I a t  Vc=Oc where U goes Tegat ive .  For VK1=+40 v o l t s ,  t h e  

e f f e c t  is n e g l i g i b l e  due to t h e  very s m a l l  e l e c t r o n  component. 

Thus,  much of t h e  anomalous i o n  defoc- i s ing ,  shown f o r  n e g a t i v e  Vu, 

appears accounted  f o r .  

c 

C L2 

The f o c m i n g  p a t t e r n  Q €  p o s i t i o n  1 was r e p e a t e d  f o r  p o s i t i o n  2 ,  

as i n d i c a t e d  i n  F igu re  16. 

While a complete  unders tandi3g  of t h i s  compl ica ted  s i t u a t i o n  
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would r e q u i r e  perhaps  c o n s i d e r a b l y  more s t u d y ,  i t  must be con- 

c luded  t h a t  t h e  l e n s  p rov ides  no re l iable  improvement i n  i o n  

s e n s i t i v i t y .  T h i s  p o s s i b i l i t y  was a n t i c i p a t e d  and a number of 

r easons  f o r  it d i s c u s s e d  i n  S e c t i o n  ID.  

Focusing was a l s o  i a v e s t i g a t e d  by p l o t t i n g  col lector  c u r r e n t  

I a g a i n s t  Q a p e r t u r e  c u r r e n t  I 
C Q 

a s  a f u n c t i o n  of Vu. 

T h i s  was based on t h e  r eason ing  t h a t  when focus ing  o c c u r s ,  

i t  must be i n d i c a t e d  by bo th  a maximum p o s i t i v e  I and by a 

maximum 1 /I  r a t i o .  A w i d e r  r ange  of l e n s  p o t e n t i a l s  were used  

here, i n  c o n s i d e r a t i o n  of t h e  p o s s i b i l i t y  t h a t  a s p a c e  charge  

effect  i n  t h e  le2s might be a l t e r i n g  i ts  e q u i p o t e n t i a l  d i s t r i b u t i o n s .  

c 

c Q  

A r e p r e s e n t a t i v e  cu rve  ob ta ined  f o r  p o s i t i o n  2 is shown i n  

F i g u r e  17, for VK1=O v o l t s .  

d i r e c t i o n  t aken  by t h e  d a t a  a s  Vu was v a r i e d  from 0 t o  +540 v o l t s  

and from 0 t o  -540 v o l t s .  I o n  focus ing  is  i n d i c a t e d  f o r  bo th  

Arrows a long  t h e  c u r v e  i n d i c a t e  t h e  

p o s i t i v e  and n e g a t i v e  v a l u e s  of VL2.  

is i n d i c a t e d  foP p o s i t i v e  VL2” w i t h  a peak o c c u r r i n g  a t  VL2=+510 

v o l t s .  However IC v s  V cu rves  ob ta ined  f o r  V,,=+510 v o l t s  

showed no improved i o n  c u r r e n t  s e n s i t i v i t y  i n  t h e  energy r ange  of 

The m o s t  i n t e n s e  focus ing  

c -- 

i n t e r e s t .  The same r e s u l t s  were ob ta ined  f o r  VK1=+40 v o l t s  and 

-40 v o l t s .  

The f o c u s i n g  cu rve  o b t a i n e d  a t  p o s i t i o n  3 is shown i n  F i g u r e  

18; it  i n c l u d e s  d a t a  for VK1=09 -40 and +40 v o l t s .  F igu re  19 shows 

t h e  a s s o c i a t e d  IC vs Vc curbes  obta ined  a t  these focus ing  p o t e n t i a l s ,  

f o r  -40(Vc<+40 v o l t s .  A s  b e f o r e  no improvement i n  i o n  c u r r e n t  

- 4; - 
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sensitivity is evident at these low energies. (On the contrary, 

this approach has led to a decided ion current decrease.) 

This phase is primarily concerned with determination of the be- 

havior of ion collector current as a function of pressure and 

determination of the effects on the ion energy distribution of 
7 

C. Vacuum Performance Characteristics 

I Subsequent to the above studies, the instrument was pre- 
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f o l lowing  d i s c u s s i o n  a re  a l s o  i n d i c a t e d .  The ana lyze r  c o n s i s t s  

of f o u r  r o d s  w i t h  superimposed s t e a d y  s t a t e  and r . f .  p o t e n t i a l s  

on each .  The  r . f .  p o t e n t i a l  on one p a i r  of r o d s  is 90" o u t  of 

phase  w i t h  t h e  o t h e r  p a i r .  Opera t ion  d e r i v e s  from t h e  motion of 

i o n s  i n  t h e  f i e l d  of t h e s e  rods. The d e s c r i p t i v e  e q u a t i o n s  of 

t h e i r  mot ion ,  u s i n g  C a r t e s i a n  coord ina te  axes  x ,  y and z ,  are  

(1)  M;; i e(UiV cos 2 7 ; r ~ t t )  x/ro2 -0 

(2 )  MY - e(U+V c o s  ~ K P )  t )  y / r  =O 
0 

where M = mass of t h e  i o n  

U = s t e a d y  s t a t e  rod  p o t e n t i a l  

V -- r . f .  r od  p o t e n t i a l  

2, = f requency  of t h e  V p o t e c t i a l  

e = e l e c t r o n i c  charge  on the  i o n  

r = r a d i u s  of c i rc le  i n s c r i b e d  by t h e  f o u r  rods 
0 
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I V  QUADRUPOLE MASS SPECTROMETER DESIGN 

A. Summarv of Design C r i t e r i a  _ -  

Reasons f o r  s e l ec t ion  of t h e  quadrupole  a n a l y z e r ,  d i s c u s s i o n  
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Ion t r a j e c t o r i e s ,  determined from t h e  s o l u t i o n  of t h e s e  

e q u a t i c m  may 5e e i t h e r  s t a b l e  of u n s t a b l e .  I f  u n s t a b l e ,  or i f  

s t a b l e  w i t h  ampl i tude  - > ro9 tbe i o n s  w i l l  be  c a p t u r e d  by t h e  

rods a f t e r  a. s u f f i c i e n t  rzlrnber of c y c l e s  or t h e  r .f .  f i e l d .  The 

f i l t e r i n g  p rocess  o p e r a t e s  by provid ing  s t a b l e ,  bounded p a t h s  

on ly  f o r  tl-e mass s e l e c t e d .  A s t a b l e  t r a j e c t o r y  e x i s t s  i f  

2 (3) M z= 2.30 x V/$ ro 

A m a s s  spectrum is t h m  scanned by va ry ing  V and /o r$  

(MKS u n i t s  are  used u n l e s s  o therwise  s t a t e d ) .  

Three scanning  modes have been  desc r ibed  i n  t h e  l i t e r a t u r e .  

The mode s e l e c t e d  r e q u i r e s  t h e  mass peak w i d t h ,  AM, t o  remain 

constant. Since  t h e  r e s o l u t i c n  is  determined from 

t h e  s e l e c t e d  scanning mode and a choice  of 1 amu f o r A  M r e q u i r e s  

t h a t  

(5) U = 0.1678 V - 9.10 x 1 0 - v  r 0 

FOP a f i x e d  peak w i d t h ,  100% t r ansmiss ion  of stable i o n s  

c a n  be  o b t a i n e d  b y  s a t i s f y i n g  t h e  fo l lowing  c o n d i t i o n s :  

1 QM (6)  P o t e n t i a l  s t a b i l i t y  -- (-1 

(7') Frequency s t a b i l i t y  and dimensional  

- 48 - 



. .  

where  Umax = maximum t r a n s v e r s e  energy 

a x i s  ( i n  e l e c t r o n  v o l t s ) .  

-3 L&V 5.82 x 10 7 
Amax r 

(9 j  u 
0 

where Uhax = a x i a l  i o n  energy 

of i o n s  i n j e c t e d  on 

L = l e n g t h  of the  quadrupole  r o d s  

where dmax = maximum a l lowab le  beam diameter  fo r  a x i a l l y  

d i r e c t e d  i o n s .  

The power P r e q u i r e d  of t h e  dev ice  is 

(11) P = 2.36 x IO4’ CM27’5r4/Q 
0 

where C = t o t a l  c a p a c i t a n c e  of the  quadrupole  
.c 

Q = f i g u r e  of m e r i t  of t h e  f i n a l  t ank  c i r c u i t  

of iiie r . f .  g e n e r a t o r .  

B. Design C h a r t  

compl ica ted  i n t e r e l a t i o n s h i p s  cf quadrupclle des ign  parameters  and 

t h u s  t o  allow s e l e c t i o n  of c h a r a c t e r i s t i c s  t h a t  w i l l  be o p t i m a l l y  

matched to t h o s e  of t h e  c o l d  cathode i o n  source .  

For t h e  d e t e c t i o n  of masses from 2 t o  100 amu, s e l e c t i o n  of 

a mode w b - e r e  A M  remains f i x e d  and e q u a l  t o  1 amu e n s u r e s  t h a t  

e s s e n t i a l l y  no a d j a c e n t  peak ove r l ap  w i l l  occur .  Impos i t ion  of t h e  

* N o  r e l a t i o n  t o  t h e  Q a p e r t u r e  p l a t e  symbol used elsewhere i n  
t h e  t e x t .  
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requirements of equations (6) through (10) ensures essentially 

100% transmission of stable ions. Design flexibility has thus 

been reduced. However, still unspecified and/or undetermined, 

are values for V, 5’ u.I.ll?ax’ d ,  p ,  uAmax, L,$ and U. 

To clarify the interdependency of these parameters, the 

preceding design equations have been rewritten in terms of a 

minimum number of variables. These are V, r and L (While 

AM, Mia.F C and Q also enter into the equations, they are fixed. 
0’ 

AM is 1 amu, M has a maximum value of 100 amu and Q and C are 

made as high and low: respectively, as practicable; reasonable 

estimates of these values, which were used in the preceding 

equations are Q=300 and C=100 p.f.;. Constants in the rewritten 

equations have been calculated for all variables in MKS units 

except f o r  M andnM, which are in amu. 

The fallowing equations remain unchanged: 

Equation (3) is rewritten to give3 explicitly in the new 

units 

Equation (11) is rewritten hy substituting M from equation 

(3) andpfrom equation (3a). This gives 

(lla) P = 1.52 x V5’2/roM 1/2 

- 50 - 



Equat ion (5) is r e w r i t t e n  by s u b s t i t n t i n g 3 f r o m  ( 3 a ) .  Th i s  

g i v e s  

(5a) 

15b) 

U = V(0.16784 - 0.125/1) 
UmaxNN 0.168V (for W100 amu) 

or 

The des ign  c h a r t  w a s  c o n s t r u c t e d  from a s e l e c t e d  range  of v a l u e s  

f o r  V, r and L u s i n g  t h e  above equa t ions .  I t  is shown i n  o 9  
F i g u r e  21. 

V ,  ro, and L a r e  independent of each  o t h e r .  A l l  o t h e r  para- 

yo o r  both and a r e  t h e r e f o r e  t a b u l a t e d  meters deperd on e i the r  V 

t o  t h e i r  r i g h t .  

'Amax 
mass t o  be ana lyzed .  

L e f f e c t s  on ly  Uhax and t h e r e f o r e  heads on ly  t h e  

columns. The c h a r t  is c o n s t r u c t e d  w i t h  Pd=lOO amu, t h e  l a r g e s t  

2. I n t e r p r e t a t i e n  and s e l e c t i o n  of v a l u e s :  

remain and 'Amax Once a des ign  is chosen., ro9  L; .D Ufiax ,  

f i x e d .  

dimensions of t h e  quadrupole  (F igure  20).  F r e q u e n c y p  is kep t  

ffxcd by mcde chsice. 

VIM t o  remain f i x e d  (Equat ion 3 a ) .  S ince  M = l  amu, and s i n c e  V/M, 

L and r are  f i x e d ,  

8 and 9 ) .  

L and ro remain f i x e d  because t h e y  p e r t a i n  t o  t h e  p h y s i c a l  

F i x e d  val i ies  o f p a n d  ro t h e n  f o r c e  t h e  r a t i o  

must a l s o  remain f i x e d  (Equat ions urnax and UAxnax 0 

A s  a consequence of t h e  above f i x e d  v a l u e s ,  V ,  dmax, P and U 

a r e  mass dependent .  T h i s  is ev iden t  by i n s p e c t i o n  of Equat ions  3a, 

10, l l a ,  and 5a, r e s p e c t i v e l y .  S i n c e  numerical  c h a r t  v a l u e s  are 

c a l c u l a t e d  for M-100 amu, v a l u e s  of V: P and U shown a r e  t h e  maximum 

r e q u i r e d  w h i l e  dmax i s  t h e  s m a l l e s t  r e q u i r e d .  
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S e l e c t i o n  of t h e  mutua l ly  independent parameters  V ( f o r  mass 

l o o ) ,  r0 and L s p e c i f i e s  t h e  quadrupole  des ign .  

of optimum v a l u e s  w i l l  now be cons ide red .  

Determina t ion  

It is e v i d e n t  from t h e  char t  t ha t  t h e  l a r g e r  V is made, t h e  

l a r g e r  is t h e  r e s u l t i n g  a n a l y z e r  s e n s i t i v i t y ,  s i n c e  both Umax 

are the reby  irxreased. The v a l u e  of V has no e f f e c t  and 'Amax 
on t h e  maximum a l lowab le  beam diameter d and i t  poses  no des ign  

problem on f requency?  o r  s t e a d y  s t a t e  p o t e n t i a l  U over  t h e  r anges  

t a b u l a t e d .  The upper l i m i t  on V is determined by t h e  associated 

power requi rements  P. The h ighe r  V is made t h e  l a r g e r  is t h e  re- 

s u l t i n g  P, w i t h  r e s u l t a n t  i n c r e a s e s  i n  size and cost of t h e  r . f .  

power supp ly .  

a power supp ly  whose s ize  appea r s  r easonab le .  I t  produces 30 

w a t t s  of r . f .  power. i n  a d d i t i o n  t o  o t h e r  power r equ i r emen t s .  T h i s  

is accomplished i n  a s t a n d a r d  rack mounted chassis w i t h  9 x 19 

i n c h e s  f r o n t  p a n e l  dimensions.  T h i s  would a l low V i n  t h e  2000 t o  

3000 v o l t  range  and r e s u l t s  i n  a Umax of about  2.00 ev .  

max 

The A t l a s  quadrupole  d e s c r i b e d  by Brunnee (14) u s e s  

The chart  i l l u s t r a t e s  t h a t  i n c r e a s i n g  r, has  t w o  opposing 

e f f e c t s  on quadrupole  s e n s i t i v i t y :  (I) I t  i n c r e a s e s  t h e  s e n s i t i v i t y  

by a l l o w i n g  i n c r e a s e d  beam diameter  (S ince  dmax is p r o p o r t i o n a l  t o  

ro(Equat ion l o ) ,  a r e a  and hence s e n s i t i v i t y  is p r o p o r t i o n a l  t o  r '1. 

(2) It decreases s e n s i t i v i t y  by r e s t r i c t i n g  t h e  p e r m i s s i b l e  a x i a l  

is i n v e r s e l y  PrOPOrtiOnal t o  r (Equat ion 9) .  

- 

0 

i o n  ene rgy .  Uhax 0 

Experimental  r e s u l t s  i n d i c a t e  c o n d i t i o n  (1) t o  be o v e r r i d i n g  s i n c e  

t h e  i o n  c u r r e n t  r a t e  of i n c r e a s e  d iminishes  w i t h  i n c r e a s e d  i o n  
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energy  (F igure  10). 

The c h a r t  a l s o  shows t h a t  i n c r e a s e d  Po r e s u l t s  i n  a b e n e f i c i a l  

dec rease  i n  power r equ i r emen t s .  Resu l t an t  f requency  changes a r e  

unimportant  and no o t h e r  parameters  are a f f e c t e d .  The primary 

l i m i t a t i o n  on r is t h e  d e t r i m e n t a l  e f f e c t  of large rod  s u r f a c e  

a r e a  on vacuum performance.(Rod r a d i u s  is 1.16 x ro. 

of t h e  t o t a l  c r o s s  s e c t i o n a l  a r e a  of t h e  in s t rumen t  is 6.64 r o e )  

For V between 2000 and 3000 v o l t s ,  a n  r0 of about  1.0 c m  appea r s  

t o  be a r easonab le  compromise. 

0 

The d iameter  

I t  is  obvious t h a t  L e f f e c t s  only Uhax, which is p r o p o r t i o n a l  

t o  L2 (Eqgation 9).  

a s  p o s s i b l e  t o  i n c r e a s e  s e n s i t i v i t y .  However, t h e  r a d i a l  energy  

component l i m i t a t i o n s  (about  2.00 ev )  imposed by power requi rement  

l i m i t a t i o n s ,  d i s c u s s e d  above,  l i m i t  t h e  s e n s i t i v i t y  g a i n  r e s u l t i n g  

from v e r y  long r o d s ;  few i o n s  can  be a n t i c i p a t e d  t o  have less t h a n  

a few p e r c e n t  of t h e i r  t o t a l  energy i n  a r a d i a l  component. 

between 30 and 100 ev t h e r e f o r e  appears  adequate .  This  can  be 

accomplished w i t h  a rod  l e n g t h  of about  20 c m  f o r  t h e  above s e l e c t e d  

v a l u e s  of r and V. 

I t  is t h e r e f o r e  d e s i r a b l e  t o  make L a s  large 

A Uhax 

0 
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SUMMARY AND CONCLUSIONS 

A new expe r imen ta l  c o l d  cathode i o n  s o u r c e  has  been des igned  

and c o n s t r u c t e d .  The primary purpose w a s  t o  i n v e s t i g a t e  methods 

of i n c r e a s i n g  t h e  s o u r c e  s e n s i t i v i t y  o b t a i n e d  i n  the feasibility 

s t u d y ,  compat ib le  w i t h  t h e  requi rements  of a quadrupole  m a s s  

spec t romete r .  The s o u r c e  c o n t a i n s  a probe f o r  measuring i o n  energy 

s p e c t r a  through a 1 mm s imula t ed  quadrupole  e n t r a n c e  a p e r t u r e .  

The p r o b e ’ s  p o s i t i o n  is a d j u s t a b l e  r e l a t i v e  t o  t h e  i o n  e x i t  a p e r t u r e .  

The d e s i g n  i n c l u d e s  an e l e c t r o s t a t i c  l e n s  and p r o v i s i o n  f o r  com- 

p a r i n g  s e n s i t i v i t i e s  bo th  w i t h  and wi thou t  t h e  l e n s .  A l s o  i nc luded  

is p r o v i s i o n  f o r  t e s t i n g  f o r  optimum ca thode  p o t e n t i a l s .  Modi- 

f i c a t i o n s  have been made i n  t h e  magnetic geometry used i n  t h e  

f e a s i b i l i t y  s t u d y  s o u r c e  ; c y l i n d r i c a l  ceramic magnets have reduced 

e x t e r n a l  bu lk  c o n s i d e r a b l y ;  e l i m i n a t i o n  of po le  p i e c e s  h a s  in -  

c r e a s e d  a c c e s s i b i l i t y  t o  t h e  i o n  e x i t  a p e r t u r e  and reduced i n t e r n a l  

b u l k  and g a s  t r a p s  f o r  improved UHV performance. 

Methods of op t imiz ing  s e n s i t i v i t y  wi thou t  t h e  l e n s  were 

s i u G i e G  f i rs t .  As a i-rlrlr;iiull of catlie& pijteiltial, A I - ^  fL . : - - . :L . - -  
L U G  3 G 1 1 3 I  L l V l  by 

remained c o n s t a n t  f o r  p o s i t i v e  va lues  and r o s e  a p p r e c i a b l y  (up t o  

a factor  of 7 )  f o r  nega t ive  ones .  An i n t e n s e  e l e c t r o n  component 

accompanied t h e  n e g a t i v e  p o t e n t i a l s  however, making t h e  h ighe r  

s e n s i t i v i t i e s  s m p e c t ;  experiments  conducted t o  v e r i f y  them were 

judged i n c o n c l u s i v e .  

A f a m i l y  of i o n  energy s p e c t r a  were ob ta ined  a s  a f u n c t i o n  of 
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distance from the ion exit aperture. The energy distributions 

over all. distances and all cathode potentials (both positive 

and negative) showed ions predominating at low energies and de- 

creasing continuously with increased energy, a situation bene- 

ficial to high quadrupole spectrometer sensitivity. Maximum 

sensitivity occurred nearest the exit aperture and again at a 

point more distant. 

The highest sensitivity obtained for a positive pusher 

cathode potential (440 volts for example) and an ion energy 

range of 0 to 30 ev (an acceptable energy range for a quadrupole 

spectrometer) was 5.5 ma/torr (nitrogen). This was recorded 

at both 0.14 inches and at 0.88 inches from the exit aperture. 

This sensitivity, obtained through the 1 mm diameter probe 

aperture compares with a somewhat lower figure obtained with a 

3 mm diameter aperture used in the feasibility study. A minimum 

sensitivity improvement of 10 has therefore been achieved, with- 

out the ase of a lens. 

Frequent changes in sensitivity to pressure were observed 

in the magnetron portion of the source. Cathode current changes 

up to 35% were observed at constant pressure. Conditions to 

which this apparent cperational mode switch is attributable, or 

the pressure region to which it is confined, were not investigated 

(due to leaking feedthroughs). 

The sensitivity benefits of an electrostatic lens were next 

investigated. A three aperture einzel lens was designed for this 
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purpose.  I t  has t h e  advantage of focus ing  wi thou t  i n c r e a s i n g  i o n  

energy and e n a b l e s  s u i t a b l e  e l e c t r o n i c  coup l ing  between source  

and quadrupole .  A n a l y t i c a l  i n v e s t i g a t i o n s  conducted t o  de termine  

cptim.;in dcsign acd cperaticn revealed s e v e r e  l e n s  l i m i t a t i o n  f o r  

t h e  p a r t i c u l a r  c o n d i t i o n s  and requi rements  of t h e  c o l d  ca thode  

i o n  source .  I t  i n d i c a t e d  tl-at the l e n s  would provide  no b e n e f i t  

i n  i c c r e a s i n g  source  s e n s i t i v i t y  over  p l a c i n g  t h e  quadrupole  

close tc! t h e  s o u r c e ,  u n l e s s  a n  e s p e c i a l l y  f a v o r a b l e  beam geometry 

e x i s t e d  ( e .g .  a n e a r l y  p a r a l l e l  and mono-energetic beam). 

Experimental  s t u d i e s  were Conducted f o r  s e v e r a l  p o s i t i o n s  of 

l e n s  and probe  r e l a t i v e  t o  t h e  i o n  e x i t  a p e r t u r e .  A l a r g e  range  

of l e n s  focus ing  p o t e n t i a l s  were a p p l i e d  and energy  s p e c t r a  were 

ob ta ined  f o r  s e l e c t e d  v a l u e s .  The effect  of d i f f e r i n g  ca thode  

p o t e n t i a l s  were a l s o  s t u d i e d .  I t  was concluded f o r  each s i t u a t i o n  

t h a t  t h e  lefis provided  no s e n s i t i v i t y  improvement. However, 

anomal ies  i n  l e n s  c p e r a t i o n  were a l s o  observed .  These were 

a t t r i b u t e d  t o  t h e  presence  of e l e c t r o n s  i n  t h e  beam and the i r  re- 

u - * ~ l + i n ~  u - ., A,.&- - fnPll=.ing - - _- _-- aFd,/nr r e f l e c t i o n .  The r e s u l t s  of e l e c t r o n  re- 

f l e c t i c n  by t h e  l e n s  suppor ted  doubts  about  t h e  v a l i d i t y  of 

h i g h e r  s e n s i t i v i t i e s  ob ta ined  for  n e g a t i v e  cathode p o t e n t i a l s ,  

A quadrupole  mass a n a l y z e r  des ign  char t  has  been c o n s t r u c t e d  

c o v e r i n g  a wide r ange  of p o s s i b l e  des ign  va lues .  The i r  i n t e r -  

dependence,  which is r a the r  ccmpl ica ted  is thereby  made e v i d e n t .  

A s  a r e s u l t ,  a se t  of des ign  parameters  have been determined which 

are  o p t i m a l l y  matched t o  both  the  expe r imen ta l ly  determined 
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c 
c h a r a c r e r i s t i c s  of t h e  c o l d  cathode i o n  s o u r c e  and t h e  o b j e c t i v e s  

of a UHV mass spec t romete r .  

I t  is concluded t h a t  the nex t  s tage of development shou ld  

i n v o l v e  t h e  p h y s i c a l  coup l ing  of a quadrupole  m a s s  a n a l y z e r  and 

t h e  c o l d  ca thode  i o n  s o u r c e .  The p r e s e n t  basic source  con- 

f i g u r a t i o n  should  be used and s i t u a t e d  so  t h a t  t h e  quadrupole  

e n t r a n c e  a p e r t u r e  is a t  one of t h e  p o s i t i o n s  of g r e a t e s t  in -  

t e n s i t y .  Both  a n a l y s i s  a n d  exper imenta l  r e s u l t s  i n d i c a t e  t h a t  a 

Lens w i l l  no t  b e n e f i t  t h i s  s i t u a t i o n .  

- 58 - 



BIBLIOGRAPHY 

1. 

2 .  

3. 

4.  

5 .  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

Redhead, P . A . ,  The Magnetron Gauge: A Cold-Cathode Vacuum 

Gauge, Can. J. Phys . ,  Vol. 3 7 ,  pp. 1260-1271 (1959) 

Hobson: J . P . ,  and Redhead, P . A . ,  Opera t ion  of an I n v e r t e d  

Magnetron Gauge i n  t h e  P r e s s u r e  Range 10  t o  MM. H g . ,  
-3 

Can. J. Phys . ,  Vol. 36, pp. 271-288 (1958) 

Torney,  F.L. ,  and Fowler ,  P . ,  (Na t iona l  Research C o r p o r a t i o n ,  

70 Memorial Dr ive ,  Cambridge, Mass.) F e a s i b i l i t y  Study on 

t h e  DesigE and Development of a Cold Cathode Ion Source ,  F i n a l  

Reps r t  for CoEtrac t  NAS1-2691, Task No. 2 ,  ( January  1964) 

H a l l ,  C . E . ,  I n t r o d u c t i o n  t o  E l e c t r o n  Microsccpy, pp. 63-64, 

184 ,  McGraw-Hill, N e w  York (1953) 

I b i d . ,  p. 51 

Gabor,  D . ,  The E l e c t r o n  Microscope, p .  11, Chemical Publ i sh-  

i n g  Company, New York (1948) 

H a l l ,  op. c i t . ,  p .  73 

Zworykin, V . K . ,  e t  a l .  E l e c t r o n  O p t i c s  and t h e  E l e c t r o n  Micro- 

s c o p e ,  p .  439,  John Wilev and Sons > New York (1945) 

I b i d . ,  pp. 436-440 

- -  

-- 

H a l l ,  op. G., p.  72 

Zworykin, op. g . ,  p. 438 

- 
- 

Klemperer ,  O . ,  E l e c t r o n  O p t i c s ,  pp. 4 ,  6 4 ,  U n i v e r s i t y  P r e s s ,  

Cambridge, England (1953) 

- 59 - 



I 
c I 

I I 1-3. Helmer, J.C., and Jepson, R.L., Electrical Characteristics 

af a Penning Discharge, Proceedings of the I.R.E., 49, 

pp. 1920-1925, (1961) 

14 D Brunnee,C., et al. (Atlas Xcss-Ezc! Analysentecknik G,m.b.H.. 

Bremen, Germany) presented at the Mass Spectrometry 

Conference, ASTM Committee E-14, May 1963, San Francisco, 

California 

- 60 - 


